The skeletal muscle pump is thought to be at least partially responsible for the immediate muscle hyperemia seen with exercise. We hypothesized that increases in venous pressure within the muscle would enhance the effectiveness of the muscle pump and yield greater postcontraction hyperemia. In nine anesthetized beagle dogs, arterial inflow and venous outflow of a single hindlimb were measured with ultrasonic transit-time flowprobes in response to 1 sec tetanic contractions evoked by electrical stimulation of the sciatic nerve. Venous pressure in the hindlimb was manipulated by tilting the upright dogs to a 30º angle in the headup or headdown positions. The volume of venous blood expelled during contractions was 2.2±0.2, 1.6±0.2, and 1.4±0.2 ml with the head up, horizontal, and head down positions, respectively. Although altering hindlimb venous pressure influenced venous expulsion during contraction, the increase in arterial inflow was similar regardless of position. Moreover, the volume of blood expelled was a small fraction of the cumulative arterial volume following the contraction. These results suggest that the muscle pump is not a major contributor to the hyperemic response to skeletal muscle contraction.
INTRODUCTION
It is well known that during exercise there is an elevation in blood flow to exercising skeletal muscle. The muscle pump is hypothesized to elevate skeletal muscle blood flow by mechanical factors (16) . As the muscle contracts, it compresses the veins within the muscle and expels the venous contents towards the heart. Upon relaxation, it is hypothesized that the muscle fibers which are tethered to the walls of the veins, open the lumen of the compliant vessels and create low pressure (7, 9) . Because the venous circulation contains one way valves, one way flow is assured and the enhanced arteriovenous pressure gradient results in an increase in arterial inflow to skeletal muscle (7) .
Studies employing both human and animal models have shown that skeletal muscle blood flow is significantly elevated within 1 sec following the release of a brief tetanic contraction (1, 15, 18) . Despite this rapid blood flow response in vivo, direct observations of arteriolar diameter reveal that dilation of the skeletal muscle arterioles occurs more slowly (4, 6, 21) . Because activation of the muscle pump is temporally compatible with the immediate increase in blood flow seen at the onset of exercise, this observation has been used as prima facie evidence that the muscle pump must be responsible for the rapid increase in skeletal muscle blood flow with the initiation of exercise (16) .
Fundamental to the muscle pump theory of blood flow control is that muscular contraction lowers venous pressure within the active muscle thus widening the arteriovenous pressure gradient. However, the relationship between venous pressure within the muscle prior to contraction and the ability of the muscle pump to produce skeletal muscle hyperemia is a question open for investigation (8) . In the present study, baseline venous pressure in the canine hindlimb was manipulated by postural changes. As arterial pressure remained constant with Data regarding the blood pressure and heart rate during the experiment are presented in Table 1 . There was not a significant (p>0.05) effect of position nor was there a significant (p>0.05) effect of contraction on arterial pressure. In contrast, heart rate increased significantly (p<0.05) as posture of the dog changed from head down to head up. A 1 sec tetanic contraction did not affect (p>0.05) heart rate at any position. 
DISCUSSION
There are two new important findings in the present study. First, the magnitude of the increase in arterial blood flow to canine skeletal muscle with a brief tetanic contraction, whether examined over the first cardiac cycle or at peak, was independent of the venous pressure in the muscle over the range of pressures studied. Second, the volume of blood expelled by a single contraction was a small fraction of the total increase in blood flow accumulated. These results suggest that the muscle pump is not a major contributor to skeletal muscle hyperemia in response to a single contraction.
Although there is an immediate increase in blood flow to active skeletal muscle with the onset of exercise (1, 10, 11, 15, 17, 18, 20) , the mechanism(s) by which this rapid increase in blood flow occurs has remained elusive. The muscle pump theory has been proposed as a rapid, local mechanism by which blood flow to active skeletal muscle can be regulated. The premise behind the muscle pump theory is that muscle contractions empty the venous circulation resulting in lower venous pressure during the relaxation phase. The reduction in venous pressure increases the pressure gradient across the muscle vascular bed and enhances muscle perfusion.
Ideally, to support this hypothesis one need only measure the fluctuations in venous pressure within the muscle. Unfortunately, because of the presence of venous valves and the probability of damaging valves by inserting a catheter, it has been technically impossible to measure pressure in the venules of skeletal muscle, so investigators have been forced to make inferences about the muscle pump from indirect data.
In accordance with the muscle pump theory, we expected that the elevated venous pressure in the muscles of the hindlimb with the dog in the headup position would permit a greater contraction-induced reduction in venous pressure which would translate to a higher blood flow response in the headup compared to the headdown position. The results indicate that changes in position altered venous pressure and influenced the amount of blood stored in the veins of hindlimb. Muscle contraction expelled significantly more blood from the venous circulation in the head up position compared to the head down position (2.15±0.23 ml vs 1.37±0.17 ml), but did not affect the magnitude of muscle hyperemia following contraction, whether measured over the first cardiac cycle or at the peak. As shown in figure 5 , the contraction-induced increase in arterial inflow was similar regardless of position. Thus, contrary to our hypothesis, enhanced muscle pump effectiveness was dissociated from subsequent arterial hyperemia, which is inconsistent with the concept that the muscle pump plays a predominant role in the blood flow response to a single contraction. These results add to the accumulating evidence that there is limited influence of the muscle pump on the contraction-induced increases in blood flow (2, 5, 9, 12, 14, 15) .
By definition, the muscle pump can only influence blood flow for as long as venous pressure is reduced. Once arterial inflow replaces the volume of blood expelled during contraction, venous pressure is restored, and there can be no further effect of the muscle pump on blood flow. Therefore, the proportion of skeletal muscle hyperemia attributable to the muscle pump should be directly related to the volume of blood needed to replace the blood that was expelled from the veins by the contraction. In the present study, comparing the venous blood volume (~2 ml) expelled by the muscle contraction to the cumulative arterial blood volume response (>30 ml) following contraction reveals that the venous volume is a relatively small proportion of the cumulative arterial volume. The amount of blood flow for which the muscle pump can be responsible is a small percentage (~6%) of the total. Furthermore, at the prevailing venous blood flows, this volume would have been refilled in <1 sec, whereas the peak blood flows were observed at ~4 sec. This temporal dissociation of the peak muscle pump effect from the peak blood flow effect argues against a predominant role of the muscle pump in contractioninduced hyperemia. In the aggregate, the above findings suggest that another mechanism (vasodilation) produces the majority of skeletal muscle hyperemia associated with a single contraction.
In contrast to our findings, other laboratories have provided evidence that the manipulation of venous pressure within the muscle enhances the effectiveness of the muscle pump. Like the present study, these studies investigated the blood flow response to contraction following venous pressure manipulations by positioning the contracting limb above or below the heart (3, 11, 17, 18 ). An augmented blood flow response to a single contraction (18) or rhythmic contractions (3, 11, 17) with the limb positioned below the heart was attributed to the muscle pump by these authors. It is possible that these conflicting results indicate a greater role for the muscle pump in skeletal muscle hyperemia associated with voluntary contractions compared to electrically stimulated contractions. One might speculate that for the muscle pump to be fully effective, natural patterns of muscle fiber recruitment are necessary. Nevertheless, electrically stimulated muscle contractions elicit large increases in skeletal muscle arterial blood flow indicating substantial skeletal muscle hyperemia which appears independent of the actions of the muscle pump.
Some of the support for a role for the muscle pump in the immediate increase in skeletal muscle blood flow at the onset of exercise has been spawned by the perception that skeletal muscle vasodilation occurs slowly and can not be responsible for the immediate hyperemia. The evidence for delayed vasodilation comes from in situ and in vitro preparations where vessels were directly visualized. Results from the cremaster muscle (4) and hamster retractor muscle (6) show a latency for vasodilation of 5-20 sec, with the delay related to vessel size. Wunsch et al. contraction. This argument is strongest for contractions performed with the arm above heart level since it seems unlikely that the muscle pump would be capable of substantial reductions in venous pressure with the arm in this position. In view of the disagreement on this topic, it is obvious that further investigation is warranted to establish the time course of vasodilation at the onset of exercise.
In conclusion, although altering hindlimb venous pressure influenced venous expulsion during contraction, the increase in arterial inflow was similar regardless of position. Moreover, the volume of blood expelled was a small fraction of the cumulative arterial volume following the contraction. These results suggest that the muscle pump is not a major contributor to the hyperemic response to skeletal muscle contraction. 
